Stability of Scattering Decoder For Nonlinear Diffractive Imaging by Sun, Yu & Kamilov, Ulugbek S.
Stability of Scattering Decoder for Nonlinear Diffractive Imaging
Yu Sun1 and Ulugbek S. Kamilov1,2
1 Department of Computer Science & Engineering, Washington University in St Louis.
2 Department of Electrical & Systems Engineering, Washington University in St. Louis
Abstract— The problem of image reconstruction under mul-
tiple light scattering is usually formulated as a regularized non-
convex optimization. A deep learning architecture, Scattering De-
coder (ScaDec), was recently proposed in [1] to solve this prob-
lem in a purely data-driven fashion. The proposed method was
shown to substantially outperform optimization-based baselines
and achieve state-of-the-art results. In this paper, we thoroughly
test the robustness of ScaDec to different permittivity contrasts,
number of transmissions, and input signal-to-noise ratios. The
results on high-fidelity simulated datasets show that the perfor-
mance of ScaDec is stable in different settings.
1 Introduction
The problem of reconstructing the spatial distribution of the
dielectric permittivity of an unknown object by measuring the
corresponding scattered light field is fundamental in many ap-
plications such as optical diffractive tomography [2] and digital
holography [3]. Consider an object with the permittivity distri-
bution (r) is centered in a bounded domain Ω ⊆ R2, with a
background medium of permittivity b. The object is illumi-
nated by a monochromatic and coherent incident electric field
uin(r), which is assumed to be known both inside Ω and at the
sensor domain Γ ⊆ R2. The light field usc(r) scattered by the
object is collected at Γ as measurements. The interaction be-
tween the object and the wave can be mathematically described
by the Lippmann-Schwinger equation [4]
u(r) = uin(r)+
∫
Ω
g(r−r′) f(r′)u(r′) dr′, (r ∈ R2) (1)
where u(r) = uin(r) + usc(r) is the total light field.
The scattering potential, assumed to be real, is defined as
f(r) , k2((r)− b), where k = 2pi/λ is the wavenumber.
The Green’s function g(r) for two-dimensional free space is
defined as g(r) , j4H
(1)
0 (kb‖r‖`2), where H(1)0 denotes the
zero-order Hankel function of the first kind and kb , k
√
b
is the wavenumber of the background medium. The discrete
system that models wave-object interaction is given by
u = uin +G(u x) (2a)
y = S(u x) + e , (2b)
where x ∈ RN is the discretized scattering potential f of
the object, y ∈ CM is the measured scattered field usc at
Γ, uin ∈ CN is the input field uin inside Ω, S ∈ CM×N
and G ∈ CN×N are the discretizations of the Green’s func-
tions in (1) evaluated inside Ω and at Γ, respectively,  de-
notes a component-wise multiplication between two vectors,
and e ∈ CM models the additive noise at the measurements.
Commonly, the problem of image reconstruction under mul-
tiple light scattering is formulated as a non-convex optimiza-
tion, where a nonlinear forward model is used to simulate mul-
tiple light scattering and regularization is applied to promote
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Figure 1: ScaDec in [1] consists of backprojection from measurements to a
complex data followed by a ConvNet mapping the data to the final image.
the restoration quality [5–13]. Different from optimization-
based methods, the recent paper [1] proposed a novel deep
learning model, called Scattering Decoder (ScaDec), to recon-
struct image under multiple scattering. By interpreting multiple
scattering as a forward pass of a convolutional neural network
(ConvNet), [1] considered to reconstruct image by designing
a deep ConvNet to invert multiple scattering in a purely data-
driven fashion.
Figure 1 illustrates the general framework of ScaDec. The
first component in the model simply backprojects the measure-
ment data to the image domain. The mathematical expression
of backprojection is specified by
w =
K∑
k=1
Pkyk , with Pk , diag(u∗in,k)SH (3)
where vector yk ∈ CM are the measurements of the kth trans-
mission and collected byM receivers, and matrixPk ∈ CN×M
is the backprojection operator. Inside the operator, matrix
SH ∈ CN×M is the Hermitian transpose of the discretized
Green’s function S, and u∗in,k is the element-wise conjugate
of the incident wave field of the kth transmission. The output
w ∈ CN is the summation of the projected images of K trans-
missions. The backprojection also can be viewed as a fixed
layer in a ConvNet with Pk characterizing the weights, and
Re(·) and Im(·) featuring the activation functions, respectively.
The second component is a convolutional neural network
based on the U-Net architecture [14–17]. Jointly with the back-
projection, the U-Net decoder builds an end-to-end mapping
from measurements of multiple scattered wave to the spatial
distribution of the permittivity of the object. Comparison on
simulated and experimental datasets in [1] shows that ScaDec
significantly outperforms other optimization-based baselines in
terms of both reconstruction quality and time complexity. In
this paper, we further evaluate the stability of ScaDec in the sce-
narios of different permittivity contrasts, number of transmis-
sions, and input signal-to-noise ratios (SNR) on high-fidelity
simulated datasets. The experimental results, to be shown in
next section, concur that the performance of ScaDec is stable
in various situations.
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<latexit sha1_base64="BphutsGR0YwRHuLuak4N6kPkeW0=">AAAB73icbVC7TsNAEFyHVwgvAyXNiQgpNJGdBsooNFQoPPKQEis6n8/JKeezuTsjRVZ+goYChGj5HTr+hkviAhJGWmk0s6vdHT/hTGnH+bYKa+sbm1vF7dLO7t7+gX141FZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76a+Z0nKhWLxYOeJNSL8FCwkBGsjdS9v7lDlaBxPrDLTtWZA60SNydlyNEc2F/9ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx+7xSdGSVAYSxNCY3m6u+JDEdKTSLfdEZYj9SyNxP/83qpDi+9jIkk1VSQxaIw5UjHaPY8CpikRPOJIZhIZm5FZIQlJtpEVDIhuMsvr5J2reo6Vfe2Vq438jiKcAKnUAEXLqAO19CEFhDg8Ayv8GY9Wi/Wu/WxaC1Y+cwx/IH1+QNROI7S</latexit><latexit sha1_base64="BphutsGR0YwRHuLuak4N6kPkeW0=">AAAB73icbVC7TsNAEFyHVwgvAyXNiQgpNJGdBsooNFQoPPKQEis6n8/JKeezuTsjRVZ+goYChGj5HTr+hkviAhJGWmk0s6vdHT/hTGnH+bYKa+sbm1vF7dLO7t7+gX141FZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76a+Z0nKhWLxYOeJNSL8FCwkBGsjdS9v7lDlaBxPrDLTtWZA60SNydlyNEc2F/9ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx+7xSdGSVAYSxNCY3m6u+JDEdKTSLfdEZYj9SyNxP/83qpDi+9jIkk1VSQxaIw5UjHaPY8CpikRPOJIZhIZm5FZIQlJtpEVDIhuMsvr5J2reo6Vfe2Vq438jiKcAKnUAEXLqAO19CEFhDg8Ayv8GY9Wi/Wu/WxaC1Y+cwx/IH1+QNROI7S</latexit><latexit sha1_base64="BphutsGR0YwRHuLuak4N6kPkeW0=">AAAB73icbVC7TsNAEFyHVwgvAyXNiQgpNJGdBsooNFQoPPKQEis6n8/JKeezuTsjRVZ+goYChGj5HTr+hkviAhJGWmk0s6vdHT/hTGnH+bYKa+sbm1vF7dLO7t7+gX141FZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76a+Z0nKhWLxYOeJNSL8FCwkBGsjdS9v7lDlaBxPrDLTtWZA60SNydlyNEc2F/9ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx+7xSdGSVAYSxNCY3m6u+JDEdKTSLfdEZYj9SyNxP/83qpDi+9jIkk1VSQxaIw5UjHaPY8CpikRPOJIZhIZm5FZIQlJtpEVDIhuMsvr5J2reo6Vfe2Vq438jiKcAKnUAEXLqAO19CEFhDg8Ayv8GY9Wi/Wu/WxaC1Y+cwx/IH1+QNROI7S</latexit><latexit sha1_base64="BphutsGR0YwRHuLuak4N6kPkeW0=">AAAB73icbVC7TsNAEFyHVwgvAyXNiQgpNJGdBsooNFQoPPKQEis6n8/JKeezuTsjRVZ+goYChGj5HTr+hkviAhJGWmk0s6vdHT/hTGnH+bYKa+sbm1vF7dLO7t7+gX141FZxKgltkZjHsutjRTkTtKWZ5rSbSIojn9OOP76a+Z0nKhWLxYOeJNSL8FCwkBGsjdS9v7lDlaBxPrDLTtWZA60SNydlyNEc2F/9ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx+7xSdGSVAYSxNCY3m6u+JDEdKTSLfdEZYj9SyNxP/83qpDi+9jIkk1VSQxaIw5UjHaPY8CpikRPOJIZhIZm5FZIQlJtpEVDIhuMsvr5J2reo6Vfe2Vq438jiKcAKnUAEXLqAO19CEFhDg8Ayv8GY9Wi/Wu/WxaC1Y+cwx/IH1+QNROI7S</latexit>
1 10-1 1 10-2 1 10-3 1 10-4
0
15
25
Scat-Indiv
Scat-Joint
s
<latexit sha1_base64="CvoVDtP+KyVWlfeO/OG/Pjj eJ4I=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJJxkzM7vMzAphCf6CV717E69+i1e/xE myB00saCiquqmmokRwY33/y1tZXVvf2CxsFbd3dvf2SweHDROnmmGdxSLWrYgaFFxh3XIrsJVopDIS2IxGN1O/+Y ja8Fjd23GCoaQDxfucUeukRieSmZl0S2W/4s9AlkmQkzLkqHVL351ezFKJyjJBjWkHfmLDjGrLmcBJsZMaTCgb0QG 2HVVUogmz2bcTcuqUHunH2o2yZKb+vsioNGYsI7cpqR2aRW8q/utFciHZ9q/CjKsktajYPLifCmJjMq2C9LhGZsXY Eco0d78TNqSaMusKK7pSgsUKlknjvBL4leDuoly9zuspwDGcwBkEcAlVuIUa1IHBAzzDC7x6T96b9+59zFdXvPzm CP7A+/wBNOCV8g==</latexit><latexit sha1_base64="CvoVDtP+KyVWlfeO/OG/Pjj eJ4I=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJJxkzM7vMzAphCf6CV717E69+i1e/xE myB00saCiquqmmokRwY33/y1tZXVvf2CxsFbd3dvf2SweHDROnmmGdxSLWrYgaFFxh3XIrsJVopDIS2IxGN1O/+Y ja8Fjd23GCoaQDxfucUeukRieSmZl0S2W/4s9AlkmQkzLkqHVL351ezFKJyjJBjWkHfmLDjGrLmcBJsZMaTCgb0QG 2HVVUogmz2bcTcuqUHunH2o2yZKb+vsioNGYsI7cpqR2aRW8q/utFciHZ9q/CjKsktajYPLifCmJjMq2C9LhGZsXY Eco0d78TNqSaMusKK7pSgsUKlknjvBL4leDuoly9zuspwDGcwBkEcAlVuIUa1IHBAzzDC7x6T96b9+59zFdXvPzm CP7A+/wBNOCV8g==</latexit><latexit sha1_base64="CvoVDtP+KyVWlfeO/OG/Pjj eJ4I=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJJxkzM7vMzAphCf6CV717E69+i1e/xE myB00saCiquqmmokRwY33/y1tZXVvf2CxsFbd3dvf2SweHDROnmmGdxSLWrYgaFFxh3XIrsJVopDIS2IxGN1O/+Y ja8Fjd23GCoaQDxfucUeukRieSmZl0S2W/4s9AlkmQkzLkqHVL351ezFKJyjJBjWkHfmLDjGrLmcBJsZMaTCgb0QG 2HVVUogmz2bcTcuqUHunH2o2yZKb+vsioNGYsI7cpqR2aRW8q/utFciHZ9q/CjKsktajYPLifCmJjMq2C9LhGZsXY Eco0d78TNqSaMusKK7pSgsUKlknjvBL4leDuoly9zuspwDGcwBkEcAlVuIUa1IHBAzzDC7x6T96b9+59zFdXvPzm CP7A+/wBNOCV8g==</latexit><latexit sha1_base64="CvoVDtP+KyVWlfeO/OG/Pjj eJ4I=">AAAB/XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNlJJxkzM7vMzAphCf6CV717E69+i1e/xE myB00saCiquqmmokRwY33/y1tZXVvf2CxsFbd3dvf2SweHDROnmmGdxSLWrYgaFFxh3XIrsJVopDIS2IxGN1O/+Y ja8Fjd23GCoaQDxfucUeukRieSmZl0S2W/4s9AlkmQkzLkqHVL351ezFKJyjJBjWkHfmLDjGrLmcBJsZMaTCgb0QG 2HVVUogmz2bcTcuqUHunH2o2yZKb+vsioNGYsI7cpqR2aRW8q/utFciHZ9q/CjKsktajYPLifCmJjMq2C9LhGZsXY Eco0d78TNqSaMusKK7pSgsUKlknjvBL4leDuoly9zuspwDGcwBkEcAlVuIUa1IHBAzzDC7x6T96b9+59zFdXvPzm CP7A+/wBNOCV8g==</latexit>
k<latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB /XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa 2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1 mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk 2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV 6g==</latexit><latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB /XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa 2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1 mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk 2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV 6g==</latexit><latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB /XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa 2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1 mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk 2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV 6g==</latexit><latexit sha1_base64="XKM9fAAaRsEEf6pVa3KrH1szVeo=">AAAB /XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhNnJJBkzM7vM9AphCf6CV717E69+i1e/xEmyB00saCiquqmmokQKi77/5a2srq1vbBa 2its7u3v7pYPDho1Tw3idxTI2rYhaLoXmdRQoeSsxnKpI8mY0upn6zUdurIj1PY4THio60KIvGEUnNTqRykaTbqnsV/wZyDIJclKGHLVu6bvTi1 mquEYmqbXtwE8wzKhBwSSfFDup5QllIzrgbUc1VdyG2ezbCTl1So/0Y+NGI5mpvy8yqqwdq8htKopDu+hNxX+9SC0kY/8qzIROUuSazYP7qSQYk 2kVpCcMZyjHjlBmhPudsCE1lKErrOhKCRYrWCaN80rgV4K7i3L1Oq+nAMdwAmcQwCVU4RZqUAcGD/AML/DqPXlv3rv3MV9d8fKbI/gD7/MHKDiV 6g==</latexit>
fmax
<latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACE HicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6W t8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb 06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZs AUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR +gPn8wd9gZ2+</latexit><latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACE HicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6W t8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb 06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZs AUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR +gPn8wd9gZ2+</latexit><latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACE HicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6W t8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb 06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZs AUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR +gPn8wd9gZ2+</latexit><latexit sha1_base64="ZpvXNBkAVwpQXcxKKtfS3U5HS9Q=">AAACE HicbVDLSsNAFJ34rPVVdeHCzWARXJVEBF0W3bisYB/QhDCZTtqhM5MwcyMtIT/hL7jVvTtx6x+49UucPhbaeuDC4Zx7ufeeKBXcgOt+OSura+sbm6W t8vbO7t5+5eCwZZJMU9akiUh0JyKGCa5YEzgI1kk1IzISrB0Nbyd++5FpwxP1AOOUBZL0FY85JWClsHLsRzKPi9AHNoLcB67GWJJREVaqbs2dAi8Tb 06qaI5GWPn2ewnNJFNABTGm67kpBDnRwKlgRdnPDEsJHZI+61qqiGQmyKcPFPjMKj0cJ9qWAjxVf0/kRBozlpHtlAQGZtGbiP96kVzYDPF1kHOVZs AUnS2OM4EhwZN0cI9rRkGMLSFUc3s7pgOiCQWbYdmG4i1GsExaFzXPrXn3l9X6zTyeEjpBp+gceegK1dEdaqAmoqhAz+gFvTpPzpvz7nzMWlec+cwR +gPn8wd9gZ2+</latexit>
(a) k = 40, s = 20
<latexit sha1_base64="1CBde1Bq QsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSK QXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+ /nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3G cN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOk vuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6h FxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+m aTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb22 06IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0 gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit><latexit sha1_base64="1CBde1Bq QsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSK QXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+ /nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3G cN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOk vuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6h FxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+m aTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb22 06IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0 gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit><latexit sha1_base64="1CBde1Bq QsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSK QXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+ /nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3G cN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOk vuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6h FxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+m aTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb22 06IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0 gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit><latexit sha1_base64="1CBde1Bq QsJe5irRHhcTsFgNIqo=">AAACF3icbZDLSgMxFIYz9VbrrepSkMEiVJCSK QXdFIpuXFawF2hLyaSZNjSZGZIzYhnGlS/hK7jVvTtx69KtT2LazkKrPwQ+ /nMO5+R3Q8E1YPxpZZaWV1bXsuu5jc2t7Z387l5TB5GirEEDEai2SzQT3G cN4CBYO1SMSFewlju+nNZbt0xpHvg3MAlZT5Khzz1OCRirnz/sAruDuEhOk vuuK+NxUq3g0ynppFrG/XwBl/BM9l9wUiigVPV+/qs7CGgkmQ9UEK07Dg6h FxMFnAqW5LqRZiGhYzJkHYM+kUz34tk/EvvYOAPbC5R5Ptgz9+dETKTWE+m aTklgpBdrU/PfmisXNoN33ou5H0bAfDpf7EXChsCehmQPuGIUxMQAoYqb22 06IopQMFHmTCjOYgR/oVkuObjkXFcKtYs0niw6QEeoiBx0hmroCtVRA1H0 gJ7QM3qxHq1X6816n7dmrHRmH/2S9fEN1GWfVg==</latexit>
(c) k = 40,fmax = 1⇥ 10 1
<latexit sha1_base64="ioLvdCv5aqn yck4Lgrk/5UISnWc=">AAACNHicbZDLSgMxFIYz3q23qks3wSIoaJmIoCCC6Malgm 2FTi2ZNFNDk8yQnBHLML6LL+EruNWl4Epx6zOYXhZaPRD4+P9zOCd/mEhhwfdfvbH xicmp6ZnZwtz8wuJScXmlauPUMF5hsYzNVUgtl0LzCgiQ/CoxnKpQ8lrYOe35tVtur Ij1JXQT3lC0rUUkGAUnNYuHAfA7yDbZVn4fhCrr5Ed7/naPorw58AIQuosVvcuPiG PFLfGvsx2SN4slv+z3C/8FMoQSGtZ5s/getGKWKq6BSWptnfgJNDJqQDDJ80KQWp5 Q1qFtXneoqdvVyPqfzPGGU1o4io17GnBf/TmRUWVtV4WuU1G4saNeT/zXC9XIZogO GpnQSQpcs8HiKJUYYtxLELeE4Qxk1wFlRrjbMbuhhjJwORdcKGQ0gr9Q3S0Tv0wu9 krHJ8N4ZtAaWkebiKB9dIzO0DmqIIYe0BN6Ri/eo/fmfXifg9Yxbzizin6V9/UN3yC rzQ==</latexit><latexit sha1_base64="ioLvdCv5aqn yck4Lgrk/5UISnWc=">AAACNHicbZDLSgMxFIYz3q23qks3wSIoaJmIoCCC6Malgm 2FTi2ZNFNDk8yQnBHLML6LL+EruNWl4Epx6zOYXhZaPRD4+P9zOCd/mEhhwfdfvbH xicmp6ZnZwtz8wuJScXmlauPUMF5hsYzNVUgtl0LzCgiQ/CoxnKpQ8lrYOe35tVtur Ij1JXQT3lC0rUUkGAUnNYuHAfA7yDbZVn4fhCrr5Ed7/naPorw58AIQuosVvcuPiG PFLfGvsx2SN4slv+z3C/8FMoQSGtZ5s/getGKWKq6BSWptnfgJNDJqQDDJ80KQWp5 Q1qFtXneoqdvVyPqfzPGGU1o4io17GnBf/TmRUWVtV4WuU1G4saNeT/zXC9XIZogO GpnQSQpcs8HiKJUYYtxLELeE4Qxk1wFlRrjbMbuhhjJwORdcKGQ0gr9Q3S0Tv0wu9 krHJ8N4ZtAaWkebiKB9dIzO0DmqIIYe0BN6Ri/eo/fmfXifg9Yxbzizin6V9/UN3yC rzQ==</latexit><latexit sha1_base64="ioLvdCv5aqn yck4Lgrk/5UISnWc=">AAACNHicbZDLSgMxFIYz3q23qks3wSIoaJmIoCCC6Malgm 2FTi2ZNFNDk8yQnBHLML6LL+EruNWl4Epx6zOYXhZaPRD4+P9zOCd/mEhhwfdfvbH xicmp6ZnZwtz8wuJScXmlauPUMF5hsYzNVUgtl0LzCgiQ/CoxnKpQ8lrYOe35tVtur Ij1JXQT3lC0rUUkGAUnNYuHAfA7yDbZVn4fhCrr5Ed7/naPorw58AIQuosVvcuPiG PFLfGvsx2SN4slv+z3C/8FMoQSGtZ5s/getGKWKq6BSWptnfgJNDJqQDDJ80KQWp5 Q1qFtXneoqdvVyPqfzPGGU1o4io17GnBf/TmRUWVtV4WuU1G4saNeT/zXC9XIZogO GpnQSQpcs8HiKJUYYtxLELeE4Qxk1wFlRrjbMbuhhjJwORdcKGQ0gr9Q3S0Tv0wu9 krHJ8N4ZtAaWkebiKB9dIzO0DmqIIYe0BN6Ri/eo/fmfXifg9Yxbzizin6V9/UN3yC rzQ==</latexit><latexit sha1_base64="ioLvdCv5aqn yck4Lgrk/5UISnWc=">AAACNHicbZDLSgMxFIYz3q23qks3wSIoaJmIoCCC6Malgm 2FTi2ZNFNDk8yQnBHLML6LL+EruNWl4Epx6zOYXhZaPRD4+P9zOCd/mEhhwfdfvbH xicmp6ZnZwtz8wuJScXmlauPUMF5hsYzNVUgtl0LzCgiQ/CoxnKpQ8lrYOe35tVtur Ij1JXQT3lC0rUUkGAUnNYuHAfA7yDbZVn4fhCrr5Ed7/naPorw58AIQuosVvcuPiG PFLfGvsx2SN4slv+z3C/8FMoQSGtZ5s/getGKWKq6BSWptnfgJNDJqQDDJ80KQWp5 Q1qFtXneoqdvVyPqfzPGGU1o4io17GnBf/TmRUWVtV4WuU1G4saNeT/zXC9XIZogO GpnQSQpcs8HiKJUYYtxLELeE4Qxk1wFlRrjbMbuhhjJwORdcKGQ0gr9Q3S0Tv0wu9 krHJ8N4ZtAaWkebiKB9dIzO0DmqIIYe0BN6Ri/eo/fmfXifg9Yxbzizin6V9/UN3yC rzQ==</latexit>
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Figure 2: The performance of ScaDec with respect to (a) permittivity contrast
fmax, (b) transmittion number k, and (c) input SNR s. The corresponding
parametric defaults are presented in the bottom left corner.
2 Main Result
We now test the stability of ScaDec with respect to variations in
three individual aspects: 1) permittivity contrast, 2) number of
transmissions, and 3) input SNR. In the experiments, we used
the dataset of human faces [18], and the measurements were
obtained by solving the Lippmann-Schwinger equations with
a conjugate-gradient solver [10]. The dataset contains 1500
images for training, 24 for validating, and 24 for testing which
were randomly selected from untouched images.
The physical size of images was set to 18 cm × 18 cm, dis-
cretized to a 128×128 grid. We define the permittivity contrast
as fmax , (max − b)/b, where max , maxr∈Ω{(r)}. The
background medium was assumed to be air with b = 1 and the
wavelength of the illumination was set to λ = 0.84 cm. Total
k transmissions were uniformly distributed along a circle of ra-
dius 1.6 m and for each transmission 360 measurements were
collected around the image. The simulated measured data was
further corrupted by an additive Gaussian white noise consis-
tent with s dB of input SNR. The noise model is mathemat-
ically modeled by the `2-norm, which is common in the loss
function for training a neural network.
Fig. 2 and Fig. 3 empirically and visually evaluate the robust-
ness of ScaDec regarding to different contrasts fmax, numbers
of illuminations k, and input SNR s. The parametric setting of
each test is reported in the corresponding plot. Fig. 2(a) sum-
marizes the performance of ScaDec with respect to different
fmax. Scat-Indiv estimated the optimal performance by individ-
Figure 3: Visual examples obtained in the three experiments. The top two rows
corresponds to Scat-Indiv and Scat-Joint, middle two rows to Trans-Joint and
Trans-Extreme, bottom two rows to Noise-Joint and Noise-Extreme.
ually training on the data with fmax equals to 1×10−1, 1×10−2,
1×10−3 and 1×10−4, though Scat-Joint was jointly trained on
the data corresponding to all levels of fmax. The jointly trained
ScaDec obtains nearly optimal performance in the sense that
the reconstruction SNR of Scat-Joint agrees with that of Scat-
Indiv.
Fig. 2(b) and 2(c) illustrate the stability of ScaDec as k and
s vary. The blue lines correspond to the model jointly trained
on the data of all the values (marks in the curves), and the or-
ange lines represent the model trained merely on the boundary
values (eg. k = 10, 80). Both plots clearly show that ScaDec is
relatively stable since the degradation of reconstruction SNR is
gradual as k and s shift from the lower limit to the upper limit.
For example, the SNR values were 18.29 dB, 19.26 dB, 19.84
dB, and 20.20 dB at k equal to 20, 40, 60, and 80, respectively.
Moreover, ScaDec shows good ability to generalize since the
extreme models matches the joint models at each level of k and
s. It is worth of mentioning that data of the in-between levels
remained unused by the former models while used by the later
ones in the training.
We further explored the performance of ScaDec under ex-
treme conditions. We considered two scenarios: 1) reconstruc-
tion from very noisy measurements (s = 5) where common al-
gorithms fail and 2) reconstruction of images with mismatched
size (256× 256) whose measurements is nonlinear to the train-
ing ones. ScaDec was reported to fail in both scenarios since
the measurements are too corrupted to extract useful informa-
tion and the nonlinear relationship is not easy to generalize.
However, ScaDec is stable in the various and further show its
potential for applications of diffractive imaging.
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